Flooding of rice fields is a serious problem in the river basins of South and South-East Asia where about 15 Mha of lowland rice cultivation is regularly affected. Flooding creates hypoxic conditions resulting in poor germination and seedling establishment. Flash flooding, where rice plants are completely submerged for 10-15 d during their vegetative stage, causes huge losses. Water stagnation for weeks to months also leads to substantial yield losses when large parts of rice aerial tissues are inundated. The low-yielding traditional varieties and landraces of rice adapted to these flooding conditions have been replaced by flood-sensitive high-yielding rice varieties. The 'FR13A' rice variety and the Submergence 1A (SUB1A) gene were identified for flash flooding and subsequently introgressed to high-yielding rice varieties. The challenge is to find superior alleles of the SUB1A gene, or even new genes that may confer greater tolerance to submergence. Similarly, genes have been identified in tolerant landraces of rice for their ability to survive by rapid stem elongation (SNORKEL1 and SNORKEL2) during deep-water flooding, and for anaerobic germination ability (TPP7). Research on rice genotypes and novel genes that are tolerant to prolonged water stagnation is in progress. These studies will greatly assist in devising more efficient and precise molecular breeding strategies for developing climateresilient high-yielding rice varieties for flood-prone regions. Here we review the state of our knowledge of flooding tolerance in rice and its application in varietal improvement.
Introduction
Rice is one of the most important food crops in the world, crucial for the food security of many Asian countries. China and India, the two most populous nations in the world, are also the largest producers and consumers of rice (FAOSTAT 2013) . It is grown widely in diverse agro-climatic conditions ranging from high altitudes of the Himalayan hills to the sea coasts of the Indian subcontinent and South-East Asia. Traditional varieties and landraces of rice are well adapted to local edaphic factors, including drought, flood, cold, heat, and saline and acid soil conditions.
With the human population expanding, there is a continuous need to produce more and more rice from a fixed or declining world acreage. The challenge was met successfully in the green revolution (GR) era starting in the 1960s by deployment of the semi-dwarfing (sd1) gene, first identified in the Taiwanese variety Dee Geo Woo Gen (Sasaki et al. 2002) . The GR rice varieties have a higher harvest index and resistance to lodging, and therefore respond to high-input agriculture based on assured irrigation, chemical fertilizers, pesticides and mechanical harvesting. Due to their high yield potential, GR varieties slowly replaced most of the traditional varieties and landraces of rice that were well adapted to the varying agro-climatic conditions in different parts of the world. Fortunately, this germplasm has been conserved in the national and international gene banks and is now serving as a valuable resource for gene discovery to resolve the problem of poor adaptation of GR varieties to rain-fed and marginal agro-ecosystems. For example, it has been shown recently that a major quantitative trait locus (QTL) for rice grain yield under drought (qDTY1.1) mapped in the Aus rice variety N22 is tightly linked with the wild-type allele of the Sd1 gene for tall plant height (Vikram et al. 2011 ). This undesirable linkage has now been broken by fine mapping of the locus using a large population of backcross inbred lines (BILs) to recombine the genes for drought tolerance and plant height (Vikram et al. 2015) . In another remarkable example, the SUB1 gene cluster for submergence tolerance during vegetative stage flooding has been cloned from a traditional low-yielding Aus variety FR13A . The gene has now been introgressed in a range of high-yielding GR rice varieties to provide yield stability in the flood plains of major river basins of South and South-East Asia (Dar et al. 2013 , Singh et al. 2016 ).
Here we review the different types of flooding stresses in rice and the progress made so far in understanding the physiological mechanisms, mapping, cloning and utilization of the identified QTLs and genes for breeding flood-tolerant rice varieties.
Types of Flooding Stress in the Rice Production System
The majority of the rice-growing areas in South and South-East Asia are affected by different abiotic stresses (flooding, drought and soil salinity). Among these, flooding caused by rainwater accumulation, river discharge and tidal movements incurs huge economic losses in the great river basins (15 Mha) of India, Bangladesh, Myanmar, Thailand, Cambodia and Vietnam (FAO-RAP 2001) . Flooding can occur for varied durations at different stages of crop growth, which is typical of rice-growing agroecosystems ( Supplementary Fig. S1 ).
The first category of flooding is submergence during germination also known as anaerobic germination (AG), a condition which is common in areas where direct seeding is practised and sudden heavy rainfall occurs immediately after. Under such conditions, the rice seeds are completely submerged and suffer hypoxia or anoxia leading to poor or no germination, seedling death and poor crop establishment (Yamauchi et al. 1993 ). Such situations are common in rain-fed lowland ecosystems. Rice germplasm with the ability to germinate under water have been identified (Angaji et al. 2010) .
The second category of flooding is vegetative stage submergence, which occurs at seedling or tillering. In this case, rice plants are completely submerged for 1-2 weeks before the floodwater recedes. Catling (1992) defined this type of flooding tolerance as submergence tolerance during the vegetative stage due to the ability of some rice varieties to survive 10-14 d of complete submergence and renew their growth after floodwater recedes. This is a serious problem in the flood plains of river basins, often resulting in complete loss of the crop due to flash flooding. A gene cluster, SUB1, has been cloned from the Indian rice landrace FR13A, which is adapted to vegetative stage submergence .
The third category of flooding is that of extended water stagnation for several weeks up to the booting and reproductive stage, without complete submergence. Such flooding is common in areas with poor drainage systems, near riverbanks with overflowing rivers during the monsoon season in coastal and tidal areas. The water depths may vary from 20 to 50 cm, and rice plants in this type of flooding suffer considerable yield losses. This is very common in low-lying areas, where the water stays throughout the growing season at various depths but dries up at the time of harvesting .
The fourth category is that of deep-water flooding, which lasts for a prolonged period, with water levels ranging from 0.50 to 4 m (Catling 1992) . This type of flood may remain from 1 month up to a few months depending upon the area. Also known as floating rice, deep-water rice plants grow along with the rising water level by rapid internode elongation, thus keeping some part of the foliage above the water level (Kawano et al. 2008) . Many traditional rice varieties are adapted to this type of ecosystem and can elongate by as much as 25 cm in a day with the rising floodwater (Kende et al. 1998) .
Globally, rain-fed lowland and deep-water rice account for about one-third of the total rice-growing area, which is about 50 Mha (Huke and Huke 1997, Bailey-Serres and Voesenek 2010) . These areas are particularly prone to recurrent flooding due to poor drainage of the excess rainwater during the monsoon season (Fig. 1) .
Flood-Tolerant Rice Germplasm
Traditional varieties and landraces of rice tolerant to different types of flooding stresses are low yielding, though very useful for QTL mapping and gene discovery, and there is a wealth of rice genetic diversity in the flood-prone ecosystems. Many farmers continue to cultivate the traditional varieties, and landraces of rice comprise 60% of the rice in these flood-prone areas [International Rice Research Institute (IRRI)]. Efforts have been made to collect landraces and traditional varieties from these areas, but remote regions with large acreages are yet to be covered. Out of >100,000 rice accessions maintained in the IRRI germplasm bank, <1,000 are from the flood-prone ecosystems, including 443 from Bangladesh, 82 from Sri Lanka, 42 from India, 34 from Thailand, 25 from Combodia, 21 from China and other countries (Dwivedi 1992) .
In the 1970s, many landraces collected from flood-prone areas were screened at the IRRI in the Philippines. Up to now, FR13A has been recognized as the most submergence-tolerant landrace and was ultimately used for QTL mapping studies and subsequent map-based cloning of the SUB1 gene detailed below. Some vegetative stage submergence-tolerant varieties have been released for the flash flood-prone areas of India (Supplementary Table S1 ).
Deep-water rice is grown widely on the floodplains and deltas of the Ganges, Brahmaputra, Irrawaddy, Chao Phraya of south and South-East Asia and the Niger of West Africa. In India, it also grown in the states of Assam, Uttar Pradesh, Bihar and the North Eastern states from where floods come (Puckridge et al. 2000) . The dry period in these areas is often too short or has insufficient water for production of other food crops. Many landraces of rice grown in this ecosystem have both drought tolerance for early establishment in the dry season, and stem elongation ability to survive in the deep flood waters later (Supplementary Table S1 ). The Indian Council of Agricultural Research, New Delhi, has recommended a package of practices and facilitates the availability of seeds of rice varieties such as Hangseswari, Saraswati, Ambika and Sabita for deep-water rice farmers. The improved deep-water rice variety 'Hangseswari' can produce grain yields up to 2.4-2.5 t ha -1 in the Kharif season in a deep-water-logged situation (www.icar. org.in).
Deep-water rice has three special adaptation traits: (i) elongation of stems and leaves; (ii) kneeing ability, which is the upward bending of the terminal parts of the plant once it touches the ground after flood water subsides, i.e. the ability to keep the reproductive parts above water; and (iii) the ability to develop nodal tillers and roots from upper nodes in the water.
Some varieties have the ability to tolerate both flash floods early in the vegetative growth stage and stagnant floods of up to 80 cm later in the season, e.g. Khao Tah Haeng 17 and Leuang Pratew 123. These varieties, though cultivated in low-lying areas, do not have internode elongation properties. Important traits contributing to this type of flood tolerance include a plant height of 150-180 cm to withstand water depths up to 80 cm, flexibility in planting time, tolerance to drought, submergence and soil-related stresses. Although elongation is essential for plants in the field where deep water remains for a long time, it can be a disadvantage if short-term flooding occurs (Puckridge et al. 2000) .
A germplasm evaluation for stagnant water flooding has been carried out at the IRRI (Supplementary Table S1 ) to identify suitable genotypes (Kato et al. 2014 , Vergara et al. 2014 . Through screening methods standardized at the IRRI, landraces for germination stage flooding tolerance have also been identified which include Khaiyan, Khao Hlan On, Nanhi and Ma-Zhan Red (Angaji et al. 2010) . These rice germplasms have been used in genetic mapping and physiological studies, and to develop improved rice lines with high levels of tolerance to AG stress using conventional and molecular breeding approaches (Septiningsih et al. 2013a , Toledo et al. 2015 .
Genetics of Flood Tolerance in Rice
In recent years, due to the advent of molecular marker technologies, QTL analyses, fine mapping and cloning of genes for flood tolerance have been achieved. The genetic basis of flood tolerance has been studied by assaying for component traits in flood-tolerant rice. Among various types of flooding stress, deep-water rice was the earliest to capture the attentions of rice geneticists, due to its unique stem elongation ability. In a classical study on the inheritance of stem elongation in deepwater rice, Ramiah and Ramaswami (1940) were the first to show that duplicate genes designated as elongation factor (ef1 and ef2) controlled internode elongation. Three decades later, Hamamura and Kupkanchankul (1979) , using diallele crosses and analyzing the progeny for flooding tolerance, reported partial dominance and involvement of 5-6 genes controlling the floating ability of deep-water rice. For the evaluation of deep-water traits, Vergara and Mazaredo (1978) proposed measuring total internode length (TIL), while Inouye (1983) proposed using the position of the lowest elongated internode (LEI). Tripathi and Rao (1985) reported that early nodal differentiation was controlled by a single dominant gene, which is a typical feature of deep-water rice, whereas Suge (1987) concluded that internode elongation in deep-water rice was controlled by the action of complementary genes. Eiguchi et al. (1993) reported that internode elongation in deep-water rice is controlled by a single recessive gene dw3 associated with internode elongation Xu and Mackill (1996) mapped a major QTL for submergence tolerance in variety FR13A for vegetative stage flooding, SUB1 on rice chromosome 9, which contributed up to 70% of the phenotypic variation for submergence tolerance ( Table 1) . The SUB1 QTL was further fine mapped using 3,000 and 4,022 F 2 progeny to a 0.16 and 0.06 cM region, respectively (Xu et al. 2000 ) ( Table 1) . Additional QTLs for vegetative stage submergence tolerance in FR13A or FR13A-derived lines have been mapped (Nandi et al. 1997 , Sripongpangkul et al. 2000 , Gonzaga et al. 2016 ) and need further investigation. Four novel QTLs were identified by Septiningsih et al. (2012) in an F 2:3 population of a cross between IR72 and Madabaru, both moderate submergence-tolerant varieties. From the F 2:3 population, 466 families were phenotyped under submergence stress, and a subset of 80 families were selected from the two extreme sides for the QTL analysis. Phenotypes showed transgressive segregation, and also had families showing a higher survival rate than the FR13A derivatve IR40931. Four QTLs were identified on chromosomes 1, 2, 9 and 12; the largest effect QTL on chromosome 1 had a LOD (logarithm of the odds) score of 11.2 and R 2 of 52.3%. A QTL mapping to the SUB1 region on chromosome 9, with a LOD score of 3.6 and R 2 of 18.6%, had the tolerant allele in Madabaru, while the other three QTLs had tolerant alleles in IR72. The identification of three non-SUB1 QTLs from IR72 suggests that alternative pathways may exist independent of the ethylene-dependent pathway of the SUB1 gene . The sequence analysis of IR72 and Madabaru showed similarity to Teqing, having the intolerant allele Sub1A-2. Recently, novel donors for submergence tolerance during vegetative stage flooding have been identified (Iftekharuddaula et al. 2016b) . Studies aimed at identification of QTLs associated with traits responsible for different types of flooding tolerance are summarized in Table 1 .
QTL analysis was performed by Sripongpangkul et al. (2000) to determine the mechanism of stem elongation of deep-water rice using plant height increment, internode length and leaf length following flood as the QTL parameters in recombinant inbred lines (RILs) from a IR74/Jalmagna cross. This allowed detection of 26 QTLs that regulated plant elongation and submergence tolerance. Nemoto et al. (2004) using LEI as a trait identified two significant QTLs, on chromosomes 3 and 12. Kawano et al. (2008) used LEI and the rate of internode elongation (RIE), and detected two QTLs for each trait on chromosomes 3 and 12, and 1 and 12, respectively. Three parameters, LEI, TIL and the number of elongated internodes (NEI), were used by Hattori et al. (2007) for their QTL mapping studies using three different populations. The QTL positions identified in different populations were in similar genomic regions on chromosomes 1, 3 and 12. This suggested that these QTLs were consistently responsible for the elongation response to flooding in deep-water rice. Further, Hattori et al. (2008) produced near isogenic lines (NILs) for each QTL in the T65 genetic background (NIL-1, NIL-3 and NIL-12) and studied the effect of internode elongation. As a result, the QTL on chromosome 12 was found to be the most effective for internode elongation in deep water. Using positional cloning and gain-of-function analysis, Hattori et al. (2009) identified two ethylene response factor (ERF) genes, Snorkel1 (SK1) and Snorkel2 (SK2), in the QTL regions on chromosome 12. These genes were absent in the non-deep-water rice T65. Underwater elongation of rice plants is considered the most important trait for phenotyping in QTL analysis for deep-water rice, and Nagai et al. (2012) identified two novel QTLs, qTIL2 and qTIL4, for total internode elongation at the early seedling stage. These QTLs regulate early internode elongation and function in co-ordination with the three major QTLs under deep-water conditions. Studies on QTL mapping for AG have been carried out at the IRRI, and major QTLs have been identified (Angaji et al. 2010 , Septiningsih et al. 2013b , Baltazar et al. 2014 . One of these QTLs derived from the variety Khao Hlan On on rice chromosome 9, qAG-9-2 (Angaji et al. 2010), was fine mapped to a region of approximately 50 kb, and the gene encoding a trehalose-6-phosphate phosphatase (OsTPP) underlying the QTL has been cloned and functionally validated (Kretzschmar et al. 2015) . This QTL has also been transferred to popular highyielding rice varieties (Toledo et al. 2015) .
Cloning and Allele Mining of Flood Tolerance Genes in Rice
Cloning of SUB1 genes for vegetative stage submergence tolerance Eventually, physical mapping and map-based cloning of the SUB1 genes was accomplished by sequencing overlapping bacterial artificial chromosome (BAC) clones from the intolerant indica variety Teqing and from the tolerant indica line FR13A-derived IR40931-26. Cloning of the SUB1 gene was a landmark discovery for the understanding of submergence tolerance in rice. Three ERF genes, SUB1A, SUB1B and SUB1C, were identified in the SUB1 QTL region of chromosome 9 . SUB1A was identified as the major determinant of submergence tolerance under flash flooding, but SUB1C also has a limited but significant role, whereas SUB1B had no obvious role , Septiningsih 2009 , Singh et al. 2010 . Studies of sequence variation in the SUB1A protein-coding regions identified two alleles, SUB1A-1 and SUB1A-2. Generally, the SUB1A-1 allele is present in the tolerant varieties, while submergence-sensitive varieties are characterized by either the presence of the SUB1A-2 allele or absence of the SUB1A gene (null allele). At the protein sequence level, Pro186 in the intolerant accessions is replaced by Ser186 in the tolerant accessions . However, there are exceptions to this that need to be further investigated (Singh et al. 2010 .
Gene regulation of SUB1 has been investigated by expression analyses. Fukao et al. (2006) showed that during submergence, the SUB1A-1 positive, tolerant NIL M202-Sub1 showed restrained leaf and internode elongation, Chl degradation and carbohydrate consumption, coupled with significantly enhanced pyruvate decarboxylase (PDC) and alcohol dehydrogenase (ADH) enzyme activities as compared with the intolerant line M202. The SUB1A and SUB1C transcript levels were up-regulated by submergence and ethylene exposure, whereas the SUB1C allele was also upregulated by gibberellic acid treatment. Genetic transformation with the cloned SUB1A-1 gene and transgene expression analysis showed that SUB1A-1 promoter activity in the internode, collar region and leaf base plays a key role in suppressing internode elongation during the submergence of rice plants (Singh et al. 2010) . SUB1A expression was associated with gibberellic acid insensitivity, ABA hypersensitivity and delayed flowering in transgenic Arabidopsis (Pen-a-Castro et al. 2011), suggesting that inhibition of floral initiation was important in suppressing plant growth. When SUB1A-1 was overexpressed in transgenic tobacco plants, it was found that these plants developed the potential to adapt to low oxygen stress, as the enzymes PDC and ADH were highly induced (Fukao et al. 2011 , Zhou et al. 2011 ). The SUB1A-1 overexpression also up-regulated the activities of the antioxidant enzymes superoxide dismutase, ascorbate peroxidase and catalase (Fig. 2) .
Allele mining for the SUB1 genes
Following the map-based cloning of SUB1A, studies have been conducted to explore allelic variation at this locus among cultivars and wild relatives of rice and correlate this with differences in submergence tolerance. Sequence analysis of the SUB1 locus in 21 rice accessions revealed that all of them possess the SUB1B and SUB1C genes, but only some of the indica and aus accessions have the SUB1A gene Fukao et al. 2009 ). It is thought that O. sativa was domesticated from the its wild progenitor species O. rufipogon Griff./O. nivara (Sharma 2003) . Hence, Fukao et al. (2009) also evaluated the orthologs of SUB1 in the closest relatives of O. sativa, seeking information on the origin of the SUB1 and allelic variation of the SUB1 locus. Phylogenetically the SUB1A gene has evolved from the duplication and divergence of the SUB1B gene. Sequence analysis of SUB1 orthologs from O. rufipogon and O. nivara showed that both the wild species possess two SUB1 orthologs with strong sequence identity to SUB1B and SUB1C alleles of the cultivated rice variety FR13A, and variation in SUB1B sequence was correlated with the absence or presence of the SUB1A gene. Recently, Singh (2015) has re-sequenced SUB1A, SUB1B and SUB1C alleles from >150 flood-tolerant rice varieties. These results indicate that genetic variation at the SUB1 locus is due to gene duplication and divergence which occurred prior to and also after rice domestication, and there are superior alleles of SUB1 genes that can be deployed for developing flood-tolerant rice varieties. The results of this study confirmed the previous report by Fukao et al. (2009) .
Cloning of SK1 and SK2 genes for stem elongation in deep-water rice Deep-water rice has evolved adaption to its growth environment by acquiring the ability to elongate its stem rapidly, incorporating hollow tissues (aerenchyma) which function as snorkels to allow air exchange, thus preventing death due to anoxia (Vergara et al. 1976 , Catling 1992 , Kende et al. 1998 . Physiological studies have shown that three phytohormones, ethylene, gibberellic acid and ABA, regulate the response of rice plants to flooding (Metraux and Kende 1983 , Raskin and Kende 1984 , Hoffmann-Benning and Kend 1992 , Azuma et al. 1995 . Map-based cloning of SK1 and SK2 genes underlying a major QTL on chromosome 12 was employed for deep-water flooding response (Hattori et al. 2009 ). These authors also demonstrated that introduction of three QTLs from deepwater rice into non-deep-water rice enabled the latter to become tolerant to deep-water flooding.
Non-deep-water rice plants transformed with SK1 and SK2 genes showed internode elongation in response to deep-water flooding, and ectopic overexpression of SK genes driven by the rice actin promoter in non-deep-water rice resulted in internode elongation even in dry conditions; hence SK genes positively regulate internode elongation. The SK1 and SK2 genes encode putative ERF transcription factors, possessing a single AP2/ERF domain and a nuclear localization signal. Expression of the SK gene is significantly induced by ethylene treatment, but not by other plant hormones. Both SK proteins are nuclear and have transcription-activating abilities, and the promoters of SK1 and SK2 genes can be bound by rice ethylene insensitive-3 (EIN3)-like protein. Hattori et al. (2009) suggested that SK1 and SK2 function as ERF-type transcription factors in ethylene signaling and that gibberellic acid is important for the deep-water response, although the relationship between ethylene and gibberellic acid action is not known (Fig. 3) .
Cloning of the OsTPP7 gene for anaerobic germination in rice
Tolerance to anaerobic germination flooding is essential for uniform germination and seedling establishment under submergence, and is a key trait for the development of direct-seeded rice (DSR) varieties , Maganeschi and Perata 2009 , Septiningshih 2013b . A Myanmar rice landrace, Khao Hlan On, is highly tolerant to AG, and a major QTL qAG-9-2 controlling the trait was mapped on chromosome 9 (Angaji et al. 2010 ). The QTL was subsequently fine-mapped to a 50 kb genomic region that has four protein-coding genes in 'Nipponbare'. Recently, Kretzschmar et al. (2015) successfully cloned a trehalose-6-phosphate phosphatase gene (OsTPP7), as the causal factor underlying the qAG-9-2 QTL (Fig. 4) . This gene is involved in trehalose-6-phosphate (T6P) metabolism. Under anaerobic stress, OsTPP7 activity may increase sink strength in proliferating heterotrophic tissues by indicating low sugar availability, thus enhancing starch mobilization and driving rapid coleoptile growth enhancing AG.
Analysis of IR64 identified a 20.9 kb deletion in the qAG-9-2 region encompassing the OsTPP7 gene (Os09g20390), which caused truncation in the neighboring genes. The Khao Hlan On genome showed only a small (4 kb) deletion relative to Nipponbare, which was also shared in the IR64 genome. Among four genes present within the qAG-9-2 QTL region, only OsTPP7 transcripts were detectable in germinating tissues of a NIL-AG1 (qAG-9-2-containing) which displayed enhanced AG. . During submergence expression of ethylene-responsive gene Sub1A is up-regulated. Activities of PDC and ADH enzyme, and stability of slender rice (SLR) and slender rice-like 1 (SLRL1) protein is enhanced. To save energy, shoot elongation and carbohydrate consumption is repressed, shoot regeneration and normal growth resumes after de-submergence (Fukao et al. 2011 ).
Physiological Mechanisms of Flood Tolerance in Rice
Being a semi-aquatic plant, rice is well adapted to different types of flooding by deploying various physiological and biochemical mechanisms. Many studies have been conducted on flood-tolerant rice genotypes to understand such mechanisms of adaptation to flood conditions which due to oxygen shortage during flood cause hypoxic or anoxic states.
Adaptation to submergence during germination
Studies have been conducted to understand the mechanism of adaption to AG in the tolerant rice varieties. Taylor (1942) reported that seeds of some rice varieties had the ability to germinate under water without oxygen or with little oxygen, suffering from anoxic or hypoxic conditions, and then switching to anaerobic metabolism. During AG, tolerant varieties show rapid coleoptile elongation, expression of expansin genes, and lowering of peroxidase activity and cell division as compared with their intolerant counterparts (Magneschi and Perrata 2009) . Gene expression studies have shown that expansin genes are highly up-regulated during germination under anoxic conditions (Cho and Kende 1997 , Lasanthi-Kudahettige et al. 2007 ). Peroxidases are involved in the formation of the diferuloly cross-link to matrix polysaccharides, which affect cell wall activity and the correlation of Fig. 3 Molecular mechanism of escape strategy in deep-water rice. Deep-water rice varieties grow under dry or shallow water conditions at the seedling stage but when submerged, elongate their leaves and internodes along with the rising floodwater. Picture shows kneeing ability of elongated rice after floodwater recedes. Ethylene concentration is elevated in the submerged part of the plant, which induces expression of SK1 and SK2 genes, which function as ERF-type transcription factors, through binding with EIN3 gene. The amount of GA is increased which positively regulates elongation of leaves and internodes. SK1 and SK2 may directly or indirectly promote GA biosynthesis and/or GA signaling, followed by ethylene accumulation (Hattori et al. 2009 ). Fig. 4 Molecular mechanism of anaerobic germination tolerance in variety KHO by OsTPP7 gene (Kretzschmar et al. 2015) . Anaerobic germination-tolerant variety is able to rapidly mobilize sugar released by the action of a-amylase on the stored seed starch to the growing embryo axis and coleoptile.
peroxidase expression with coleoptile elongation (Lee and Lin 1995) . Further, it is reported that high carbohydrate storage plays a key role in AG. Carbohydrate assays have shown that AG-tolerant varieties have higher carbohydrate reserves in the form of sugars and starch that helps germination under anoxia .
Expression studies have revealed that AG-tolerant varieties of rice have all the key enzymes involved in normal germination. Expression levels of a-amylase needed for starch breakdown during germination are highly correlated with seeds germinating under water. Enzyme assays have shown a correlation of a-amylase expression with AG, coleoptile elongation and anaerobic respiration enzymes, suggesting its crucial role in the mechanism of adaptation to flooding during germination ). AG-tolerant rice varieties germinate and grow faster with higher seedling survival under low oxygen due to specific metabolic adaptations. They maintain their ability to use stored starch reserves by higher amylase activity, anaerobic respiration, a higher rate of ethylene production and lower peroxidase activity. Under hypoxic conditions, ATP production is through fermentative metabolism using ethanol and the available carbohydrates. The enzymes of the fermentation pathway, i.e. ADH and PDC, are induced under low oxygen stress (Ricard et al. 1994) .
The ability of tolerant rice varieties to maintain an active fermentative metabolism is a key physiological challenge of AG (Magneschi and Perata 2009) . Lee et al. (2009) reported that Calcineurin B-like interacting protein kinase 15 (CIPK15) is a component of the signal transduction pathway that promotes rice coleoptile elongation under low oxygen and is also involved in sensing of sugar during anaerobic germination. Takahashi et al. (2011) studied coleoptile elongation in an ADH1-deficient rice mutant and observed lower ADH activity coupled with reduced cell division and cell elongation during coleoptile growth under complete submergence due to inhibited ATP levels. Under oxygen stress, higher ADH activity is necessary for sugar metabolism via glycolysis to ethanol fermentation in both embryo and endosperm (Takahashi et al. 2014 ). As described above, Kretzschmar et al. (2015) have provided evidence for a T6P/sucrose-mediated partitioning of carbohydrate reserves to the actively growing embryo and coleoptile tissues by map-based cloning of OsTPP7. However, the exact mechanism of tolerance to AG is still not fully understood and warrants further investigation.
Adaptation to vegetative stage submergence during flash floods
The physiological mechanism of adaptation of rice plants to vegetative stage submergence is different from that used for AG and stagnant or deep-water flooding. It can be divided into two stages, i.e. (i) young plants are completely submerged leading to anoxic conditions and go into quiescence mode; and (ii) after the water recedes, plants use the stored energy for recovery and renewed growth. Here, the submerged stem undergoes minimal or no elongation which helps to avoid wasteful energy consumption and save precious carbohydrate reserves, that may be utilized later for recovery and regeneration when the floodwater recedes (Sarkar 1998 , Almeida et al. 2003 . Since plant growth hormones play a critical role in stem elongation, their effect on seedling survival during submergence was investigated. The application of paclobutrazol (PB), an inhibitor of gibberellin biosynthesis, and GA 3 resulted in enhanced and inhibited survival of seedling, respectively (Setter and Laureles 1996) . However, when GA 3 and PB were applied together, the effect on survival percentage was negated. Setter and Laureles (1996) also measured the seedling survival after complete submergence in a gibberellin-deficient mutant (Tan-Ginbozu) relative to submergence-tolerant FR13A and intolerant IR42. The gibberellin-deficient mutants, having little elongation ability during submergence, were put under submergence stress at equal initial dry weight, and carbohydrate levels relative to FR13A showed a higher level of submergence tolerance. These results showed that elongation growth competes with maintenance processes for energy and hence reduces survival under complete submergence. Das et al. (2005) studied the response of four rice varieties to up to 10 d of complete submergence. IR42, Sabita and Hatipanjari had a similar high non-structural carbohydrate (NSC) level to FR13A but showed higher elongation under water. Application of GA 3 enhanced elongation with concomitant depletion of NSC and reduced survival after submergence. Application of PB lowered the elongation coupled with improved retention of NSC and enhanced survival percentage after submergence. FR13A was not so responsive to PB, but it was responsive to GA 3 , suggesting that it had an inherently low gibberellin concentration under submergence. Underwater elongation was directly associated with the NSC consumption during submergence but not before submergence. Seedling survival showed a stronger association with the NSC retained after submergence than with the NSC level before submergence, which indicated that the carbohydrate level maintained after submergence, an important factor for the survival after submergence, was the combined result of both the initial level before submergence and the amount used during submergence. Fukao and Bailey-Serres (2008) showed that rice plants after coming under submergence show a reduction in ABA content independent of the SUB1A gene, and also concluded that plants carrying the SUB1A-1 allele restricted gibberellic acid signaling under submergence. The SUB1A-1 expression increased accumulation of gibberellic acid signaling repressors slender rice-1 (SLR1) and SLR1-like-1 (SLRL1), and diminished gibberellic acid-inducible gene expression under submergence. An increase in SLR1 and SLRL1 was stimulated by ethylene, which in turn promoted SUB1A expression in the submergence-tolerant rice varieties. Intolerant varieties showed stem elongation and chlorosis due to the action of ethylene produced during submergence, resulting in visible damage after de-submergence (Kawano et al. 2002 , Ella et al. 2003 ). This was also clearly shown in a study where the ethylene inhibitor 1-methyl cyclopropene (MCP) was applied to the intolerant cultivar IR42 and the tolerant variety FR13A. After MCP treatment, lower expression of the chlorophyllase gene and degradation of Chl and improved survival in IR42 seedlings were noted, but with no effect on underwater relative shoot expansion. Chlorophyllase enzyme activity and gene expression were lower in the tolerant variety FR13A. Non-elongating varieties coped with submergence by inhibiting photo-damage and maintaining a high Chl content in the leaves (Sone et al. 2011 ).
In a comparative study using the intolerant rice variety M202 and its tolerant NIL M202-Sub1, it was shown that during submergence M202-Sub1 had minimal leaf and internode elongation, less Chl degradation, less carbohydrate consumption and higher PDC and ADC enzymatic activities than the intolerant M202. Induction of a-amylase and the sucrose synthase gene was higher in M202 ). Similar to AG, the low-oxygen condition under complete submergence at the vegetative stage also leads to activation of genes for PDC and ADH, which play key roles in ethanolic fermentation (Schwartz 1969 , Rahman et al. 2001 . Fukao et al. (2006) showed that the SUB1A gene positively regulates the expression of PDC and ADH genes under hypoxia, therefore playing an important role in acclimation to hypoxic stress by regulating the expression of genes involved in anaerobic metabolism and amelioration of damage by reactive oxygen species (ROS) (Zhou et al. 2011) .
Transgene analysis showed SUB1A-1 promoter activity specifically in the internodes and leaf base and collar regions, thus playing a specific role in suppressing elongation growth of tolerant plants under submergence stress (Singh et al. 2010) . Earlier, Kawano et al. (2002) suggested that production of ethylene during submergence adversely affected antioxidant mechanisms in the intolerant rice varieties after de-submergence, where ascorbic acid was an important antioxidant for the recovery of submerged rice seedlings. They also showed that rice after submergence for 8 d showed a decline in ascorbate, but 3 d after de-submergence the tolerant varieties showed a rapid recovery of total ascorbate and ascorbic acid. In contrast, intolerant varieties have slow ascorbate recovery and increased malondialdehyde formation, resulting in low plant survival. Application of the ethylene antagonist silver nitrate to intolerant cultivars ameliorated the slow ascorbate recovery, leading to a decline in malondialdehyde formation and enhanced survival after de-submergence. In transgenic tobacco plants, overexpression of SUB1A1 up-regulated the activities of antioxidant enzymes superoxide dismutase, ascorbate peroxidase and catalase, making the transgenic plants scavenge ROS more effectively, as confirmed by the reduced accumulation of malondialdehyde (Zhou et al. 2011) . Thus, the SUB1A-1 gene plays a pivotal role in flash flooding submergence tolerance in cultivated rice but not in wild rice genotypes of the C-genome group (Niroula et al. 2012) , while studies have reported the existence of SUB1A-1-independent mechanisms for submergence tolerance.
Adaptation to stagnant water flooding
The mechanism of tolerance to water stagnation in rice fields is certainly different from that to flash flooding as plants elongate when in contact with air. Recent studies on rice genotypes varying in response to stagnant water of 50 cm depth showed that the tolerant genotypes were inherently tall or moderately elongating with the rise in water level and also have higher tillering, lower carbohydrate depletion and higher spikelet fertility (Kato et al. 2014 , Vergara et al. 2014 ). Studies at the IRRI have identified major QTLs for yield, yield component traits and other key agronomic traits under stagnant flooding (E.M. Septiningsih, unpublished data) . Once the genes underlying these QTLs are discovered and functionally validated, they will greatly assist in elucidating the molecular mechanisms of tolerance to stagnant water flooding.
Adaptation to deep-water flooding
Stem elongation with rising floodwaters is one of the most important characteristics of deep-water rice. Deep-water rice cultivars can increase their height by as much as 25 cm d -1 to keep at least some part of their growing tip above the flood water level to escape anoxic or hypoxic conditions by maintaining contact with the air and light for photosynthesis (Vergara et al. 1976, Bailey-Serres and Voesenek 2008) . Studies involving hormone application and genetic manipulation have helped unravel the physiology of the deep-water flooding response. In deep-water flooding, stored carbohydrates were used as the source of energy for stem elongation as soon as the plant is submerged under water, in contrast to the submergencetolerant rice varieties that conserve storage carbohydrates and enter into a quiescence mode. When a rice plant is submerged in water, ethylene biosynthesis is activated, which in turn regulates gibberellic acid and ABA synthesis depending on the genetic make-up of the rice variety. Internode elongation is induced by gibberellic acid and repressed by ABA. Thus the gibberellic acid/ABA ratio determines whether a plant will follow the route of stem elongation or quiescence (Hoffmann-Benning and Kende 1992 , Kende et al. 1998 , Sauter 2000 , Das et al. 2005 . When a deep-water rice variety is submerged in water, the ethylene concentration in stems increases, which triggers gibberellic acid synthesis and internode elongation (Métraux and Kende 1983, Hattori et al. 2009 ), but no internode elongation is induced by ethylene in non-deep-water rice varieties.
Classical studies have shown the role ofgibberellic acid in cell division and internode elongation. In a study applying tetcyclacis (TCY), an inhibitor of gibberellic acid biosynthesis, no elongation was observed in deep-water rice, but clear elongation was seen with GA 3 application (Raskin and Kende 1984) . In further studies with deep-water rice, it was seen that uniconazole, another inhibitor of gibberellic acid biosynthesis, also blocked internode elongation (Suge 1987 , Hattori et al. 2009 ). These and other similar studies suggest that gibberellic acid biosynthesis is essential for internode elongation in deep-water rice, because gibberellic acid activates the expression of cell divisionrelated genes (Sauter et al. 1995 , Van der Knaap et al. 1997 . The growth rate of deep-water rice internodes is determined by the ratio of the growth promoter gibberellic acid and the growth inhibitor ABA. 1-Aminoacyclopropane 1-carboxylate (ACC) synthase activity was induced under hypoxic conditions and is also associated with stem elongation in deep-water rice (Cohen and Kende 1987, Zarembinski and Theologis 1997) . ACC synthase catalyzes ethylene biosynthesis, and studies on OsACS1 and OsACS5 genes have confirmed their role in the rapid stem elongation of deep-water rice (Zarembinsky and Theologis 1997, Van der Straeten 2001) .
Induced expression of expansin genes was observed in deepwater rice during stem elongation (Cho and Kende 1997) . Expression of a-expansin and b-expansin genes was induced by gibberellic acid and was correlated with the rapid internode elongation Kende 2001, Lee and Kende 2002) . Ethylene is also responsible for the induction of adventitious roots in flooded deep-water rice. Gibberellic acid acts in a synergistic manner with ethylene to promote the growth of adventitious roots. Application of the gibberellic acid biosynthesis inhibitor PB showed that root emergence was dependent on gibberellic acid activity (Steffens et al. 2006) .
Flood Proofing of High-Yielding Rice Varieties by Marker-Assisted Backcross Breeding
The SUB1 gene was introgressed into modern high-yielding rice varieties using a marker-assisted backcross breeding (MABB) method (Neeraja et al. 2007 , Septiningsih et al. 2009 , Iftekharuddaula et al. 2012 , Septiningsih et al. 2013a , Iftekharuddaula et al. 2016a ). Molecular markers including gene-based functional markers for foreground selection and closely linked flanking simple sequence repeat (SSR) markers for recombinant selection were developed for the SUB1 genomic region for precise transfer of the small QTL segment (Singh et al. 2016) . Also, genome-wide molecular markers were used for background selection to recover most of the genetic background of the recipient mega varieties. Using this MABB strategy, SUB1 was introgressed into international mega varieties of rice including Swarna, Samba Mahsuri, BR11, IR64, CR1009 and TDK1. Recently, SUB1 was introgressed into two more varieties, namely PSB-RC18 from the Philippines and Ciherang from Indonesia . Most of these Sub1 derivatives of popular mega varieties have been released for commercial cultivation by farmers in South and South-East Asian countries (Iftekharuddaula et al. 2012 , Septiningsih et al. 2013a ). Swarna-Sub1 in India, Bangladesh and Nepal, and BR11-Sub1 in Bangladesh have shown excellent performance with consistent yield advantage during flash flooding (Dar et al. 2013) . Recently, the SUB1 locus has also been transferred to 10 highly popular locally adapted rice varieties of India , Singh et al. 2016 .
Evaluation of these mega varieties of rice in pairs, with and without the SUB1 gene, has shown that the introgression lines appeared identical to the original varieties for nearly all the traits evaluated. The only exception was the dark-colored hull of the original Swarna and TDK1, which was changed to a light color because of the tight linkage of the IBF (inhibitor of brown furrows) gene with the SUB1 gene (Neeraja et al. 2007 , Shao et al. 2012 ). However, this did not show any disadvantage; rather it was used as a morphological distinctness uniformity and stability (DUS) marker, required by seed certification agencies. Numerous field trials were conducted under flooding onstation and in farmers' fields. In all the trials, no apparent morphological differences were observed between the original variety and their Sub1 derivatives (Sarkar and Panda 2009, Singh et al. 2009 ). However, as expected, the survival of the Sub1 varieties was distinctly higher than that of their non-Sub1 counterparts under flash flooding, showing a yield gain of 1-3.5 t ha -1 depending on the stage and duration of submergence (Das et al. 2005) . The Sub1 varieties also recovered faster, and flowered and matured earlier than non-Sub1 varieties following submergence (Sarkar and Panda 2009 , Singh et al. 2009 , Manzanilla et al. 2011 ). Grain quality traits of the Sub1 and non-Sub1 NILs were also studied in some of the trials. The percentage head rice recovery on milling, grain chalkiness, sugar starch, amylose, protein, sugar and oil contents of the Sub1 lines were better than or similar to those of their non-Sub1 lines. This may be because they mature and recover earlier and also may have better grain filling (Sarkar et al. 2009 , Singh et al. 2009 .
Molecular breeding for AG tolerance using qAG9-2 derived from Khao Hlan On and Ma-Zhan Red is also underway, and the QTL has been introgressed into some mega varieties or their Sub1 derivatives (Septiningsih et al. 2013a , Toledo et al. 2015 . Genetic study of stagnant flooding tolerance has been initiated in the IRRI; some major QTLs for yield, yield components and other important agronomic traits under stagnant water flooding have been identified and will be further confirmed as targets for molecular studies and molecular breeding (E.M. Septiningsih et al. unpublished results) . Singh et al. (2011) conducted field trials with the Sub1 varieties under stagnant water flooding and noticed a reduction in grain yield and survival as the SUB1 gene limits growth under submergence conditions, as described above. They suggested that introgression of the SUB1 gene into varieties which are tolerant to stagnant water flooding can be beneficial only in the areas where stagnant water flooding is very common. Based on the success of the Swarna-Sub1 variety, the Indian Government Department of Biotechnology has started a major molecular breeding program for transfer of the SUB1 gene into several regionally adapted mega varieties of rice popular in the eastern and southern states of India (Singh et al. 2016 ).
Scope and Prospects for Developing HighYielding Flood-Tolerant Rice Varieties
Deployment of the Sd1 gene for semi-dwarf plant height during the GR led to the rapid increase in rice productivity worldwide. However, the gain in yield was more pronounced in areas with an assured irrigation drainage system and high-input agriculture practices. In rain-fed agro-ecosystems, the productivity of the new varieties was still impaired by both excess and scarcity of rainfall. Identification of the SUB1 gene from one such traditional variety and its transfer in the GR varieties such as Swarna, IR64 and BR11 through molecular-assisted backcross (MABC) has provided much needed yield stability to these varieties in flash flood-prone regions of Asia, particularly in parts of the eastern and north-eastern India region. India and the IRRI have in their gene banks large collections of rice landraces that have long been cultivated by farmers in flood-prone and deep-water rice-growing areas. There is a possibility of finding superior alleles of the SUB1A gene or novel genes that may give even better protection against submergence. Also, there is a need to find additional genes for tolerance to AG and stagnant water flooding for further improvement of yield stability in the rainfed agro-ecosystem. Such studies can help develop superior high-yielding varieties of rice for flood-prone areas to prevent losses due to frequent flooding of rice fields during the monsoon season.
